While studies involving animal models of cardiovascular disease demonstrated that resveratrol is able to inhibit hypertrophic growth, the mechanisms involved have not been elucidated. Since studies in cells other than cardiomyocytes revealed that AMP-activated protein kinase (AMPK) and Akt are affected by resveratrol, we hypothesized that resveratrol prevents cardiac myocyte hypertrophy via these two kinase systems. Herein, we demonstrate that resveratrol reduces phenylephrine-induced protein synthesis and cell growth in rat cardiac myocytes via alterations of intracellular pathways involved in controlling protein synthesis (p70S6 kinase and eukaryotic elongation factor-2). Additionally, we demonstrate that resveratrol negatively regulates the calcineurin-nuclear factor of activated T cells pathway, thus modifying a critical component of the transcriptional mechanism involved in pathological cardiac hypertrophy. Our data also indicate that these effects of resveratrol are mediated via AMPK activation and Akt inhibition, and in the case of AMPK, is dependent on the presence of the AMPK kinase, LKB1. Taken together, our data suggest that resveratrol exerts anti-hypertrophic effects by activating AMPK via LKB1 and inhibiting Akt, thus suppressing protein synthesis and gene transcription.
Pathological left ventricular hypertrophy is associated with coronary heart disease and allcause mortality (1), and is a major clinical concern in cardiovascular medicine. At the cellular level, enlargement of the cardiac myocyte involves multiple events, including gene transcription and protein translation/synthesis, that are regulated by protein kinase signalling cascades. For gene transcription, the calcineurin-nuclear factor of activated T cells (NFAT) 1 signalling pathway has been shown to play a major role in the development of pathological cardiac hypertrophy (2) . Upon dephosphorylation by calcineurin, NFAT translocates to the nucleus of the cardiac myocyte, where it mediates the transcription of numerous targets involved in hypertrophic growth (see (3) for review). In conjunction with alterations in gene expression, an important cellular process that must also occur during hypertrophy is enhanced protein synthesis. While the list of proteins involved in regulating protein synthesis in the cardiac myocyte is extensive, the p70S6 kinase (p70S6K) and eukaryotic elongation factor-2 (eEF2) play key roles in this process (4) (5) (6) (7) (8) . Although the p70S6K, eEF2, and NFAT pathways are distinct in many ways, their regulation, in some instances, appear to intersect as all three of these proteins can be regulated by two upstream kinases, AMP-activated protein kinase (AMPK) and Akt.
Activation of Akt has been shown to promote cardiac hypertrophy via a number of pathways including the indirect activation of p70S6K (6) and the inhibition of glycogen synthase kinase-3β (GSK-3β) (9) . While the prohypertrophic effects of Akt activation in the heart are well-established (10) (11) (12) , much less is known about the role of AMPK in the hypertrophic process. AMPK is a key regulator of energy homeostasis, which stimulates ATP-generating pathways and inhibits ATP-consuming pathways in response to the depletion of ATP by cellular stresses (13) . We have previously shown that pharmacological and genetic activation of AMPK in the cardiac myocyte can inhibit protein synthesis associated with cardiomyocyte hypertrophy (5, 14) , and that this effect was mediated by the inhibition of the p70S6K and eEF2 pathways. The anti-hypertrophic effects of AMPK activation was subsequently confirmed in vivo, as well as extended to include suppression of the calcineurin-NFAT signalling pathway (15) . As such, a small molecule that could activate AMPK and inhibit Akt to prevent protein synthesis and NFAT activation could be an ideal treatment strategy for pathological cardiac hypertrophy.
One molecule that may fit this criteria is the polyphenol, resveratrol (3,5,4'-trihydroxystilbene). Indeed, in vivo administration of resveratrol (Resv) can blunt concentric hypertrophy and diastolic impairment in rats subjected to abdominal aortic banding (16) . However, despite this finding, it is not known if Resv mediates this anti-hypertrophic effect via changes in vascular function to reduce hemodynamic load (17) or whether Resv has a direct effect on the cardiac myocyte. Assuming the latter, the molecular mechanisms behind these changes are also currently unknown. Therefore, based on these previous findings, we hypothesized that Resv can activate AMPK and inhibit Akt in the cardiac myocyte, and that these changes result in the suppression of the p70S6K, eEF2, and NFAT signalling pathways leading to the subsequent inhibition of protein synthesis and the development of cardiac hypertrophy.
EXPERIMENTAL PROCEDURES
Animal Care. All experimental procedures involving animals were approved by the University of Alberta Animal Policy and Welfare Committee, which adheres to the principles for biomedical research involving animals developed by the Council for International Organizations of Medical Sciences (CIOMS), and complies with the Canadian Council on Animal Health Care guidelines.
Cell Culture and Treatment. Cardiac myocytes were isolated from the hearts of 1 to 3 day old neonatal rat pups and cultured in Dulbecco's Modified Eagle's Medium/Ham's Nutrient Mixture F-12 (DMEM/F-12) containing 5% fetal bovine serum (FBS), 10% horse serum, 50 μg/mL gentamicin, and 1% penicillin-streptomycin for 16 h essentially as described (18) . 24 h prior to initiation of experiments the media was changed to serum free DMEM/F-12 containing 50 μg/mL gentamicin supplemented with 1X insulin, transferrin, sodium selenite (ITS)+3 liquid media supplement. All subsequent treatments of the myocytes were performed in this serum free media for either 1 or 24 h. Cells were treated with either 1 μL of 50 mM resveratrol (Resv) (Sigma) to a final concentration of 50 μM or with 1 μL of 96% ethanol as vehicle (control), in the absence or presence of 10 μM phenylephrine (PE) (Sigma) for 24 h. The final concentration of ethanol in both instances was 0.096%. In some experiments, calcineurin inhibitors (500 ng/mL (416 nM) of cyclosporin A (CsA) or 150 ng/mL (182 nM) of FK506 (Alexis Biochemicals)) were used in combination with PE and/or Resv. In some experiments, cells were treated with vehicle or 100 μM Resv for 1 h. To visualize changes in cell size, myocytes were plated on fibronectin-coated coverslips at a density of 6.7 x 10 5 cells in 35 mm dishes, and treated as above. Cells were fixed and visualized using mouse anti-α-actinin (Sigma) and Texas Red-conjugated donkey anti-mouse antibodies (Jackson ImmunoResearch) as described previously (19 
RESULTS

Resveratrol
inhibits phenylephrineinduced cellular hypertrophy and protein synthesis. Neonatal rat cardiac myocytes treated with 10 μM PE for 24 h demonstrated a dramatic increase in cell size as well as a significant 1.89-fold increase in protein synthesis over control treated cells (Fig. 1A , B), which was reduced by simultaneous treatment of 50 μM Resv. To investigate the molecular signalling mechanisms that may contribute to the Resv-induced reduction in hypertrophic growth, cell lysates from cardiac myocytes treated with PE in the absence or presence of Resv were subjected to immunoblot analysis using anti-phospho-p70S6K (T389) and anti-phospho-p70S6K (T421/S424) antibodies. While p70S6K undergoes multi-site phosphorylation, phosphorylation at these sites are closely related to an increase in its activity (22, 23) . Although PE increased the phosphorylation status of p70S6K significantly compared to control, Resv was able to decrease p70S6K phosphorylation to basal levels (Fig. 1C, D) . Furthermore, immunoblot analysis of eEF2 using anti-phosphoeEF2 (T56) antibody as a marker of its activity (where phosphorylation indicates inactivation (5, 24) ) demonstrated that Resv significantly increased eEF2 phosphorylation in cells in the absence or presence of PE (Fig. 1E ).
Resveratrol inhibits NFAT-dependent transcription as well as calcineurin activity.
To further explore the possible mechanisms of action for the anti-hypertrophic effects of Resv, NFATdependent transcriptional activity was measured using a NFAT-luciferase reporter transgene (Ad.NFAT-Luc-Promoter) (3). Rat cardiac myocytes with adenoviral mediated delivery of a luciferase reporter gene driven by the α-myosin heavy chain promoter containing multiple NFAT binding sites were treated with PE in the absence or presence of Resv. Myocytes treated with Resv displayed a significant and dramatic reduction in NFAT-dependent transcription compared to vehicle controls (Fig. 1F ). To investigate whether the effect of Resv on NFAT transcriptional activity was mediated via modification of calcineurin activity, rat cardiac myocytes treated with PE were co-treated with Resv and/or known calcineurin inhibitors, CsA and FK506, at doses known to significantly reduce calcineurin activity in these cells (500 ng/mL (416 nM) and 150 ng/mL (182 nM), respectively (19) ). The data show that at these concentrations, Resv was significantly more effective at inhibiting PEinduced NFAT transcription than CsA and FK506 ( Fig. 1G) , and that there were no additive effects when co-treated with these calcineurin inhibitors (Fig. 1H ). Interestingly, Resv was able to inhibit calcineurin to similar levels as that observed with CsA and FK506 using both the calcineurin cellular assay kit ( Fig. 1H ) as well as using the γ-32 Plabeled RII-peptide in vitro dephosphorylation assay (data not shown). Together, these data suggest that an additional signalling mechanism is involved which results in a more pronounced reduction of NFAT-dependent transcription (Fig.  1G ) beyond that observed via inhibition of calcineurin alone.
Chronic resveratrol treatment increases phosphorylation of AMPK but not Akt. Consistent with previous studies showing that AMPK activation can inhibit cardiac hypertrophy via the p70S6K (5, 14, 15) , eEF2 (5, 15) , and NFAT pathways (15) , the level of phosphorylated AMPK was significantly increased in Resv treated cardiac myocytes in the absence or presence of PE ( Fig.  2A ). In accordance with increased phosphorylation of AMPK in Resv treated cells, the level of phosphorylated acetyl CoA carboxylase (ACC), which is also used as an intracellular marker of AMPK activation, was significantly increased (Fig. 2B) . As both AMPK and Akt have been shown to be involved in regulating cardiac myocyte growth (5,10-12,25), we also investigated the involvement of Akt as a possible mediator of the effects of Resv in PE-induced cardiac myocyte hypertrophy. Interestingly, we did not observe any changes in the phosphorylation status of Akt or its downstream target GSK-3β, in the presence of Resv compared to any other groups (Fig. 2C, D) despite a previous report suggesting that Akt is inhibited by Resv in vascular smooth muscle cells (26) . However, cardiac myocytes treated with 100 μM Resv for 1 h and then rinsed and incubated in media in the absence of Resv for 24 h, showed no changes in either the phosphorylation of AMPK or Akt (not shown), yet still displayed alterations in the phosphorylation of p70S6K and eEF2 (Fig.  2E-G) . These findings suggest that Akt activity may have been inhibited acutely by Resv, which had a longer-lasting effect on the phosphorylation status of p70S6K and eEF2 despite Akt activity being normalized by 24 h. Based on these data, we investigated the effects of acute treatment of Resv in the cardiac myocyte.
Acute resveratrol treatment increases AMPK phosphorylation and decreases Akt phosphorylation and has more dramatic effects on the phosphorylation of p70S6K and eEF2. Rat cardiac myocytes treated with 100 μM Resv for 1 h demonstrated a striking and significant decrease in the phosphorylation of p70S6K at both phosphorylation sites as well as a significant increase in eEF2 phosphorylation (Fig. 3A-C) . Consistent with these enhanced effects of p70S6K and eEF2 phosphorylation, AMPK and ACC phosphorylation levels were significantly increased with 1 h Resv treatment (Fig. 3D, E) . In addition, phosphorylation levels of Akt and GSK-3β were significantly reduced 1 h following Resv treatment (Fig. 3F, G) . Together, these data show that Resv is able to significantly alter AMPK and Akt activity despite the short treatment duration in the cardiac myocyte. Although this short treatment time with Resv precluded us from observing changes in cell size or measuring rates of protein synthesis, these dramatic effects on major regulators of protein synthesis are likely involved in the substantial inhibition of protein synthesis and cardiac myocyte cell growth observed with longer Resv treatment.
The effects of resveratrol on AMPK are mediated via LKB1. In the heart, a major upstream kinase involved in regulating AMPK activity is LKB1 (27) . To investigate whether Resv activates AMPK via LKB1, we utilized WT and LKB1 null MEFs treated with 100 μM Resv for 1 h. Consistent with what was observed in the cardiac myocyte, Resv treatment increased the phosphorylation status of AMPK in WT MEFs (Fig. 4A) . However, Resv was unable to activate AMPK in LKB1 null MEFs, suggesting that the effect of Resv on AMPK is mediated via LKB1 (Fig. 4A) . In addition, the absence of LKB1 had no effect on the ability of Resv to inhibit Akt (Fig.  4A) , providing evidence that LKB1 is not necessary for Resv to inhibit Akt.
Crosstalk between AMPK and Akt is not involved in mediating the effects of resveratrol.
Since we (18, 28) and others (29) (30) (31) (32) (Fig. 4B, C) . Furthermore, the absence of Akt1/2 had no effect on the ability of Resv to activate AMPK (Fig. 4C) , and the absence of AMPKα1/α2 had no effect on the ability of Resv to inhibit Akt (Fig. 4B) . Together, these data suggest that Resv exerts independent effects on AMPK and Akt, without subsequent crosstalk between the two kinases. As both AMPK (15, 33) and Akt (34) (35) (36) have been previously shown to regulate NFAT activation in the cardiac myocyte, we utilized our NFAT-luciferase reporter construct in WT, AMPKα1/α2 null, and Akt1/2 null MEFs. In both WT MEF populations, Resv significantly reduced NFAT-dependent transcription to approximately 20% of that observed in vehicle treated MEFs (Fig. 4D, E) , a value which is similar to that observed in cardiac myocytes. However, Resv failed to inhibit most of the NFAT activity in the nucleus in AMPKα1/α2 null MEFs (Fig. 4D) , whereas Resv treatment inhibited NFAT-dependent transcription in the Akt1/2 null MEFs to a similar extent as in WT MEFs (Fig.  4E) . These data indicate that the ability of Resv to inhibit NFAT transcriptional activity is dependent on AMPK and not Akt.
DISCUSSION
While previous in vivo studies in rats demonstrated that Resv is effective in preventing pressure overload-induced cardiac hypertrophy (16, 17) , the mechanisms involved in the antihypertrophic effect have not been clearly defined. Our data show that Resv is able to diminish the activity of both p70S6K and eEF2 (Fig. 1C-E) , suggesting that the anti-hypertrophic effects of Resv may be mediated by the inhibition of protein synthesis. In addition, our data show that Resv had a profound inhibitory effect on NFAT-dependent transcription in the cardiac myocyte, further suggesting that Resv can prevent hypertrophic growth by blocking NFAT-mediated regulation of gene transcription known to be involved in pathological cardiac hypertrophy (2) . Moreover, Resv appears to exert its effect on NFAT in part by the reduction of the activity of calcineurin, an upstream regulator of NFAT, as well as an additional as yet unidentified signalling mechanism to achieve this dramatic inhibition of PE-induced NFAT activation (Fig. 1G) . The ability of Resv to significantly block NFAT transcriptional activity via calcineurin and this yet unknown pathway could result in further suppression of the hypertrophic response at the transcription level, thereby strengthening the antihypertrophic effects of Resv. As such, Resv appears to prevent hypertrophic growth by inhibiting pathways involved in both protein synthesis and gene transcription.
Since we have previously shown that pharmacological activation of AMPK by AICAR results in suppression of cardiac myocyte hypertrophy via inhibition of the p70S6K and eEF2 signalling pathways (5), we investigated the possibility that Resv exerts its anti-hypertrophic effects via AMPK activation. In agreement with this, we show that AMPK is activated in the cardiac myocyte during both acute and chronic treatment with Resv ( Fig. 2A, 3D ) and that this activation not only affects the p70S6K and eEF2 signalling pathways (Fig. 1C-E, 3A-C) , but also the calcineurin-NFAT pathway (Fig. 1F) to promote the inhibition of cardiac hypertrophy. In addition, since a major upstream kinase involved in regulating AMPK activity in the heart is LKB1 (27), we examined whether AMPK activation by Resv was mediated via LKB1. Using LKB1 null MEFs we show that the presence of LKB1 is necessary for Resv to activate AMPK and that the nuclear localization of NFAT is regulated by the LKB1/AMPK signalling axis (Fig. 4A, D) . Although we did not measure AMP:ATP levels in Resv treated cells, given that LKB1 appears to mediate the effects of Resv and that AMP does not activate LKB1 in a purified in vitro system (37) it is likely that changes in AMP:ATP ratios are not involved. This is entirely consistent with what has been found in Neuro2a cells where Dasgupta et al. reported no change in AMP:ATP ratio in Resv treated cells yet a significant activation of AMPK (38) . Whether Resv has a direct effect on LKB1 or whether it is mediated via another effector molecule is currently unknown. Indeed, as Resv is one of the most potent SIRT1 activators found in nature and AMPK activation was also noted in the livers of Resv-fed mice (39), it is possible that one of the effectors responsible for Resv-stimulated AMPK activation via LKB1 is SIRT1. Indeed, evidence for this has now been provided in hepatocytes (40) . However, although we cannot rule out the possibility of SIRT1 regulating LKB1 activity, the effect of Resv on AMPK in neurons was shown to be independent of SIRT1 activation (38) . Moreover, we have previously shown that pharmacological activators of AMPK that are distinct from Resv also inhibit protein synthesis and cardiac hypertrophy (5), providing further support that SIRT1 may not be involved in this signalling pathway.
In addition to the effects of Resv on the LKB1/AMPK pathway, our data show that Resv can also inhibit Akt activation. Although Resv has been shown to inhibit Akt phosphorylation and reduce p70S6K phosphorylation and protein synthesis stimulated by angiotensin II in rat aortic smooth muscle cells (26) , its effect on the Akt/p70S6K pathway in the cardiac myocyte was heretofore unknown. Interestingly, we did not observe any changes in the phosphorylation status of Akt or GSK-3β, the downstream target of Akt, in the neonatal rat cardiac myocytes treated with Resv for 24 h (Fig. 2C, D) yet observed a profound decrease in Akt and GSK-3β phosphorylation after 1 h treatment (Fig. 3F, G) . Consistent with a decrease in Akt activity, we observed a striking and significant decrease in the phosphorylation of p70S6K and a significant increase in eEF2 phosphorylation (Fig. 3A-C) , suggesting dramatic inhibitory effects on pathways involved in regulating protein synthesis. However, Resv treatment inhibited NFAT-dependent transcription even in Akt1/2 null MEFs (Fig. 4E) , suggesting that Akt signalling is not responsible for the inhibitory effects of Resv on NFAT transcriptional activity. That said, the Akt1/2 null MEFs still contain minor amounts of Akt3 activity (Fig. 4C) , which may be sufficient to maintain Akt signalling. Although this is a possibility, we believe it is unlikely since Resv is still able to increase phosphorylation of AMPK to the same extent as WT MEFs despite the dramatic decrease in Akt activity in the Akt1/2 MEFs. This supports the notion that the effects of Resv on AMPK are independent from Akt. In contrast, Resv failed to inhibit most of the NFAT-dependent transcription in the nucleus of AMPKα1/α2 null MEFs (Fig.  4D) , indicating that the ability of Resv to inhibit NFAT transcriptional activity is dependent on AMPK. While the majority of the effect of Resv on the nuclear localization of NFAT appears to be dependent on AMPK, there also appears to be at least one other AMPK-independent pathway that alters NFAT transcriptional activity in response to Resv treatment. Though it is tempting to speculate that the Resv-induced inhibition of Akt and increased activation of GSK-3β (Fig. 3F, G ) may also promote the nuclear export of NFAT, our finding that NFAT-dependent transcription was inhibited by Resv in Akt1/2 null MEFs to the same extent as in WT MEFs (Fig. 4E) does not support this concept. Furthermore, although we conclude that Resv can inhibit NFAT-dependent transcription in the MEFs, given the short duration of treatment with Resv in these cells, we cannot rule out the possibility that synthesis of the luciferase protein is altered by the p70S6K and eEF2 pathways independent from NFAT transcriptional activity.
In summary, our data show that Resv can activate AMPK and inhibit Akt signalling in the cardiac myocyte, and that these Resv-mediated effects can inhibit cardiac myocyte hypertrophy (Fig. 5) . Our data also show that the antihypertrophic effects of Resv can be attributed to decreased protein synthesis via inhibition of the p70S6K and eEF2 signalling pathways, and reduced NFAT translocation to the nucleus via calcineurin activity suppression. Additionally, we provide evidence that LKB1 is necessary for Resv to activate AMPK, suggesting that LKB1 and not AMPK may be a target of Resv. Taken together, our findings further support the growing body of evidence suggesting that AMPK activation has therapeutic potential for inhibiting hypertrophic growth, and shed considerable light on the mechanisms involved in the anti-hypertrophic effects of Resv. 9 1 The abbreviations used are: NFAT, nuclear factor of activated T cells; p70S6K, p70S6 kinase; eEF2, eukaryotic elongation factor-2; AMPK, AMP-activated protein kinase; GSK-3β, glycogen synthase kinase-3β; Resv, resveratrol; DMEM/F-12, Dulbecco's Modified Eagle's Medium/Ham's Nutrient Mixture F-12; FBS, fetal bovine serum; PE, phenylephrine; CsA, cyclosporin A; MEFs, mouse embryonic fibroblasts; WT, wild-type; m.o.i., multiplicity of infection; ACC, acetyl CoA carboxylase. This results in a reduction of p70S6K and eEF2 activities and the subsequent inhibition of protein synthesis. The reduced Akt activity relieves the suppression of GSK-3β activity, which may also contribute to the inhibition of NFAT-mediated transcription. AMPK activation by resveratrol appears to mediate a major component of the diminished NFAT transcriptional activity in the nucleus via inhibition of calcineurin and yet to be identified mechanism(s). Resveratrol treatment may also decrease NFAT-mediated transcription via pathways independently of AMPK and Akt. Together, all of these resveratrol-mediated effects contribute to the inhibition of cardiac myocyte hypertrophy. 
